Current models hold that action selection is achieved by competitive interactions between co-existing motor representations associated with each potential action. Critically, selection via competition requires biasing signals to enable one of these alternatives to be selected. This study tested the hypothesis that selection is related to the prestimulus excitability of neuronal ensembles in which movements are encoded, as assessed through the phase of delta-band oscillations (2-4 Hz). Electroencephalography was recorded while participants performed speeded reaches toward appearing visual targets using the hand of their choice. The target locations were controlled such that only targets for which the left and right hands were selected equally often were used for analysis. Results revealed that hand selection as well as reach reaction times strongly depended upon the instantaneous phase of delta at the moment of target onset. This effect was maximal over contralateral motor regions, and occurred in the absence of prestimulus alpha-(8-12 Hz) and beta-band (15-30 Hz) amplitude modulations. These findings demonstrate that the excitability of motor regions acts as a modulatory factor for hand choice during reaching. They extend current models by showing that action selection is related to the underlying brain state independently of previously known decision variables.
Introduction
The efficient selection of a target and a hand to act upon it is at the core of humans' capacity to interact with the world through reaching and grasping. Current models of target selection for action hold that the brain is continuously processing sensory information to specify multiple potential movements available in the environment in parallel (i.e., motor affordances) (Gold and Shadlen 2007; Cisek and Kalaska 2010; Christopoulos et al. 2015) . A defining element is that the options are directly encoded within the sensorimotor system, through neuronal ensembles whose activity is tuned to the direction of movements. As a result, the strength of these motor representations is not arbitrary, but is dictated in large part by the geometric relationship between the stimuli and the actor. Given that selection occurs through inhibitory interactions between these competing neuronal ensembles, the dynamics of action selection are thus dominated by spatial and biomechanical contingencies (Cisek and Kalaska 2010; Christopoulos et al. 2015) . For instance, when participants are asked to initiate a reaching movement before knowing which of several targets must be selected, their movement trajectories are oriented toward the midpoint of the target distribution, consistent with an averaging of the competing movement plans (Chapman et al. 2010; Gallivan and Chapman 2014) . Similarly, when participants are asked to make free choices between alternative movements that involve different biomechanical properties, they tend to choose those that are more stable and less costly energetically (Cos et al. 2011) .
Recent evidence demonstrates that modulations of ongoing cortical oscillations express the interactions between multiple competing affordances. For instance, amplitude in sensorimotor regions is modulated during movement planning by the number of possible targets (Tzagarakis et al. 2010) , their spatial layout (Grent-'t-Jong et al. 2014) as well as the uncertainty in their direction (Tzagarakis et al. 2015) . It is also influenced by selection demands, being more suppressed for stimuli eliciting response competition than for those that do not (Grent-'t-Jong et al. 2013; Brinkman et al. 2014) . Similarly, alpha-band (8-12 Hz) amplitude modulations in parieto-occipital regions have long been known to mediate attentional selection by facilitating or inhibiting the processing of visuospatial inputs (Foxe et al. 1998; Worden et al. 2000; Kelly et al. 2006; Thut et al. 2006; Rihs et al. 2007; Romei et al. 2010; Gould et al. 2011) , suggesting a role in the selection and suppression of competing targets.
The present study tested the hypothesis that beyond these oscillatory markers of competition, action selection is also related to the prestimulus excitability of neuronal ensembles in which movements are encoded, as assessed through the phase of ongoing delta-band oscillations (2-4 Hz). Indeed, mounting evidence suggests that a key role of low-frequency oscillations is the rhythmic shifting of local neuronal excitability (Schroeder and Lakatos 2009 ). Consequently, the instantaneous phase at which an input arrives at the cortex determines whether it is amplified or attenuated. As such, delta phase has been shown to regulate the amplitude of gamma-band (>30 Hz) activity though cross-frequency coupling (Lakatos et al. 2008; Whittingstall and Logothetis 2009) , to modulate the gain of neuronal responses to sensory input, and to correlate with reaction times (RTs) to a stimulus (Lakatos et al. 2008) . Interestingly, delta phase has also recently been shown to play an important role in perceptual decision-making by rhythmically modulating the rate of sensory information accumulated over time . Indeed, Wyart et al. (2012) used electroencephalography (EEG) and found that the encoding of individual samples of evidence and their decision weight on a categorical choice fluctuated according to the phase of delta over the parietal cortex. Hence, in the context of selection between multiple potential reaching movements, the momentary excitability of a neuronal ensemble may dictate the strength with which it encodes a particular movement, and thus the likelihood that this movement wins the competition for selection.
To test this hypothesis, EEG was recorded while participants performed speeded reaches toward appearing visual targets using the hand of their choice. A hand selection task was chosen so that the neuronal ensembles involved in movement planning of the 2 hands would be largely segregated in separate cortical hemispheres and thus be more easily differentiated with EEG. Although less work has investigated hand selection for reaching, empirical and modelling studies suggest that it is mediated by competitive interactions similar to those involved in target selection (Oliveira et al. 2010; Bernier et al. 2012; Christopoulos et al. 2015) . Importantly, the task was designed so that spatial and biomechanical factors were controlled (see also Oliveira et al. 2010 ). This was achieved by first identifying, for each participant, the target location for which the left and right hands were selected equally often (i.e., point of subjective equality, PSE). In the main experiment, participants then performed multiple free-choice reaching movements toward targets randomly appearing near and far from the PSE. The use of PSE targets allowed to collect numerous trials in which either the left or the right hand was selected in response to the same target stimuli, making it possible to uncover a relationship between local cortical excitability and hand selection while controlling for spatial and biomechanical factors. It was hypothesized that the cortical hemisphere in the most excitable phase of delta at target onset would make it more likely that this hand be selected for reaching. It was also hypothesized that delta phase would be related to reach RTs of the selected hand. Finally, the relationship between delta phase and choice behavior was expected to be strongest over motor cortical regions, given that they are most strongly contralateralized with respect to the hands Tanji 2006, 2007; Beurze et al. 2007 Beurze et al. , 2009 and are considered key regions in which competition occurs during target selection (Cisek and Kalaska 2010; Christopoulos et al. 2015) .
Materials and Methods

Participants
Nineteen right-handed volunteers were recruited from the Université de Sherbrooke (8 females; mean age, 25; range, 21-34 years). Participants had normal or corrected-to-normal vision, and reported no history of neurologic or psychiatric disorders. They provided written consent validated by the ethical committee of the Centre Hospitalier de l'Université de Sherbrooke (CHUS) and received monetary compensation for their participation.
Experimental Setup
Participants sat in a darkened room with their chin positioned on a chinrest and their hands placed on a table. A monitor (20-inch Dell P1130; resolution, 1024 × 768; refresh rate, 150 Hz) was positioned horizontally face down 58 cm above the table and a mirror was positioned horizontally halfway between the monitor and the table. The mirror prevented participants from seeing their hands during the experiment. Visual stimuli (i.e., targets, fixation point) were projected from the monitor to the mirror, giving the impression that they were presented on the same plane as the table. A starting base, consisting of a computer mouse fixed to the table, was located 30 cm away from participants, along their midline. Participants were asked to press the 2 buttons of the mouse with their 2 index fingertips to start a trial. Two pieces of tape (1 cm 2 ; 1.5 cm between them) were fixed to each mouse button to ensure that participants always positioned their fingertips at the appropriate locations. Gaze was controlled by having participants fixate on a crosshair displayed within a circle (0.7 cm diameter) throughout the entire experiment. The fixation point was positioned 3 cm in front of the starting base, along the midline. During both preliminary testing and the main experiment, visual targets (blue circles of 0.7 cm diameter) were presented along a semicircular array, 10 cm away from the starting base.
Experimental Task
The participant's task was to perform unimanual reaching movements toward the appearing visual targets. A trial began when participants pressed both mouse buttons with their left and right index fingertips. Then, after a constant 2 s interval, a target was presented, and participants initiated a reaching movement as fast and accurately as possible toward the target using the hand of their choice. Participants then had to remain stationary at the movement endpoint for at least~0.5 s before bringing their hand back to the starting base for the next trial. Movement kinematics were not monitored during the experiment. The lack of kinematic recordings constitutes a limitation of the present work, as inaccurate movements may have been included in the analyses. However, this concern was minimized by the very simple nature of the task (i.e., single salient target on a dark background). Furthermore, a piece of tape was fixed to the table directly underneath the targets along a 10-cm radius. Participants were instructed to reach and touch the tape on every movement, allowing to standardize movement amplitude. Verbal deliberation with participants after the experiment confirmed that they systematically aimed toward the targets and touched the tape, suggesting that inaccurate movements were rare.
Preliminary Testing
To ensure that left-and right-hand reaches would be selected equally often in the main experiment, it was critical to precisely assess each participant's PSE. In a first preliminary test, 11 targets were used (1°, 2°, 4°, 8°, and 13°on either side of a central target, which was located along the midline at 90°) (Fig. 1a) . On each trial, a single target was presented randomly to 1 of the 11 possible locations, and participants reached toward the target with the hand of their choice as fast as possible. Participants were asked to complete 12 trials toward each of the 11 targets, presented in a random order. For all participants, the proportion of right-hand responses for each target followed a sigmoidal curve (Fig. 1b) . Using these data, a psychometric function was used to estimate the preliminary PSE, representing the virtual point in space where the left and right hands had an equiprobable likelihood of being selected (50-50%). This point was slightly left of midline for a majority of participants given that they were right-handed. To obtain a more sensitive estimate of the true PSE for each participant, this preliminary PSE was then defined as the central target for a second preliminary test (other targets still positioned 1°, 2°, 4°, 8°, and 13°on either side of it). In the second preliminary test, participants completed 24 trials toward the 11 targets, presented in a random order. These data were then used to calculate the true PSE of each participant, which was used in the main experiment (mean = 91.5°± 2.2°).
Main Experiment
Nine targets were used in the main experiment (Fig. 1c) . One target was at the PSE, and the others were positioned 1°, 2°, 35°, and 38°on either side of it. The 5 targets at and near the PSE (±1°and 2°) were called the PSE targets, where the uncertainty of using either hand was high. The targets located at the extreme left and right of the array (±35°and 38°) were called the eccentric targets, where the uncertainty of using either hand was low.
The experiment consisted of 6 blocks of 81 trials, for a total of 486 trials per participant. Trials toward each of the 9 targets were equally distributed across the 6 blocks. Each participant completed 300 trials toward the PSE targets (45, 65, 80, 65 , and 45 trials for the −2°, −1°, PSE, +1°and +2°targets, respectively). The unequal number of trials per PSE target was designed to maximize the likelihood of getting a sufficient number of trials per hand choice in the eventuality that participants' PSE may shift between the preliminary test and the main experiment. While this prevented comparisons across individual PSE targets, it was preplanned that data from all PSE targets would be pooled to get maximal signal to noise ratio for the EEG analyses given their nearly identical spatial locations (see below). Participants also completed 75 trials toward the left eccentric targets (38 and 37 trials for the −35°and −38°tar-gets, respectively), and 75 trials toward the right eccentric targets (37 and 38 trials for the +35°and +38°targets, respectively). The ordering of the trials was pseudorandomized such that there was never more than 3 PSE targets being presented consecutively. Similarly, eccentric targets from the same side could not be presented consecutively. This pseudorandomization minimized the likelihood that participants used the same hand several trials in a row. Furthermore, we included 2 types of control trials to prevent participants from engaging into stereotyped behavior. First, fixation trials (3 trials/block) were added to ensure that participants were always fixating the fixation point. During these trials, there was no target being presented but the crosshair displayed within the fixation point changed for an "x" symbol. Participants then had to reach with both hands to the fixation point. Second, bimanual trials (3 trials/block) were used to ensure that participants always remained ready to release both hands. Two targets appeared simultaneously toward which participants had to respond with both hands. Short breaks were taken between blocks and the experiment lasted 3 h total (preliminary testing and main experiment combined).
Data Processing and Analyses
Behavioral Data
Percentage of Left/Right-Hand Responses Per Target The experiment was designed such that data from the 5 PSE targets would be pooled. Still, not all 5 PSE targets were necessarily used for each participant. In fact, only the PSE targets that showed a percentage of right-hand responses between 20% and 80% were selected for analysis (mean across participants = 4.4 targets). This ensured that the PSE targets used for each participant evoked maximal uncertainty. The percentage of right-hand choices across the entire experiment was assessed for the pooled PSE targets using a one-sample t-test (i.e., comparison with 50%). This calculation was also done separately for the first half (trials 1-243) and the second half (trials 244-486) of the experiment, in order to test for the stability of the PSE over the course of the experiment.
Reaction time
Reach RT was calculated as the time between the onset of the target and the release of 1 of the 2 buttons. Trials for which participants released both buttons were rejected. Trials with RT under 150 ms and above 1 s as well as trials with RT beyond 3 standard deviations (SD) of each participant's mean were also rejected. These rejections corresponded on average to 2.6% of the data per participant. The corresponding EEG epochs were removed. A Wilcoxon signed-rank test was used to compare RT between the PSE targets and eccentric targets (left and right combined).
EEG Data
EEG Acquisition and Preprocessing EEG was acquired with a 64-channel BrainAmp system (Brainproducts) along with the BrainCap MR electrode cap (Falk Minow Services). The electrodes were ring-type sintered nonmagnetic Ag-AgCl electrodes and were positioned in accordance with the extended 10/20 system. When placing the cap, it was ensured that the Cz electrode was at the vertex. The reference electrode was located at FCz (by default on the BrainCap MR cap). The EEG signals were digitized online (sampling rate 5 kHz), and impedances were kept below 20 kΩ. EEG data were analyzed offline using the Brain Vision Analyzer software (version 2.0; Brainproducts). Data were down-sampled to 256 Hz. They were digitally bandpass filtered (0.5-35 Hz, 12 dB/octave) and transformed to the average reference. Participants were encouraged to delay their blinks until the intertrial interval, yet remaining blink artifacts (but not saccadic artifacts) were monitored with frontal electrode FP1 (positioned above the left orbit) and subtracted from the EEG stream using the statistical method of Gratton et al. (1983) (see Bernier et al. 2012) . Electrode FP1 was not included in further analyses. The data were also visually inspected for stereotypical artifacts such as excessive peak-to-peak deflections or bursts of EMG activity.
The data were epoched within a time window between −2.5 s and +1.5 s time-locked to the onset of the target (t = 0 s) and binned according to the hand being selected (left, right). The long epochs allowed for a reliable estimation of slow delta oscillations. It was ensured that none of the epochs overlapped. They were then exported into Matlab (MathWorks) for further analyses using the EEGLAB toolbox (Delorme and Makeig 2004) .
We applied independent component analysis to remove additional artifacts (Hyvarinen 1999) . Components reflecting artifacts, identified based on their topography, time-course and power spectrum, were rejected (Sengupta and Nasir 2015) . Four electrodes (FT9-FT10-TP9-TP10) were interpolated on an individual participant basis due to noisy signals.
Monopolar EEG recordings were transformed to current source density (CSD) profiles using the Laplacian transformation as implemented in the CSD toolbox (Kayser and Tenke 2006) . The signal was interpolated with a spherical spline interpolation procedure to compute second-order derivatives in 2 dimensions of space (order of splines, 4; approximation parameter λ, 1.0e−5) (Perrin et al. 1989) . Because the CSD transform represents "true" estimates of current activity at the scalp, the polarity of the signal is unambiguous by itself and is therefore more informative than the polarity of the surface potential (Kayser and Tenke 2006) . CSD data are also much less affected by far-field generators than monopolar recordings (Manahilov et al. 1992) , thus enhancing the spatial and temporal resolution of the recordings Vidal et al. 2015) .
EEG Analyses
The CSD-transformed EEG data were bandpass filtered into the delta (2-4 Hz), alpha (8-12 Hz), and beta (15-30 Hz) frequency bands using an inverse fast Fourier transform (i.e., eegfiltfft), which eliminates the effects of phase shifts introduced by the filtering process. The instantaneous phase and amplitude of the signal at t = 0 ms were then extracted using the Hilbert transform on the filtered EEG data (Lakatos et al. 2008; Whittingstall and Logothetis 2009; Wyart et al. 2012) . A logtransform was applied to the amplitude values prior to averaging to improve normality. Some of the analyses were rerun using a different zero-phase shift filter (i.e., finite impulse response filter; Matlab built-in filtfilt.m) with similar results. Note that given the known limitations of studying gammaband activity with EEG (Fries et al. 2008; Yuval-Greenberg et al. 2008) , this band was not assessed.
Prestimulus Delta Phase and Hand Choice
The first main analysis sought to assess whether prestimulus delta phase was related to hand choice. It was hypothesized that left-and right-hand choices would be associated with a particular phase of spontaneous delta oscillations at the moment of target onset (t = 0 s). To do that, delta-band intertrial coherence (ITC) was used to compare the uniformity of the delta phase distributions across left-and right-hand choices (see Lakatos et al. 2007 Lakatos et al. , 2008 Busch et al. 2009; Daitch et al. 2013 ). The ITC assesses phase consistency across trials at a single time point and ranges from zero to one; zero representing an absence of phase similarity across trials and one indicating perfect phase similarity. It is equivalent to the magnitude of the mean resultant vector of the oscillatory phase (computed for a given time point at a given frequency), which indicates how well a circular distribution is described as unimodal (Lakatos et al. 2007) . A relationship between delta phase and hand choice would be supported if the distribution of delta phases in a given region differed depending on the hand being selected. Although motor cortical regions were hypothesized to show the strongest relationship between delta phase and hand choice, a whole brain approach was used to capture possible effects across the entire parieto-frontal network. Hence, this comparison was done for each electrode separately. Paired samples t-tests were used to test for significant differences across hand choice. Electrodes that survived a P < 0.05 Bonferroni-corrected threshold for multiple comparisons (i.e., 63 electrodes) were used for further analyses. Yet, a scalp map of uncorrected P values was created to provide a broader picture of the relationship.
Using the electrodes that showed a significant difference (i.e., Bonferroni-corrected) in the preceding analysis (3 in the left hemisphere and 1 in the right hemisphere; pooled in each hemisphere; see Results), a Wilcoxon signed-rank test was used to assess whether the ITC of the hemisphere contralateral to the reaching hand differed significantly from the ITC of the ipsilateral hemisphere. This analysis was carried out separately for the 2 hand choices. Given the mirror-symmetric pattern of results for both hand choices (see results), the data were collapsed across hands and considered simply as contralateral and ipsilateral for further analyses.
While the ITC captures the uniformity of a distribution in a single value, it is a global measure that is insensitive to the mean of the distribution. Hence, delta phase distributions for the contralateral and ipsilateral hemispheres were assessed at the single-trial level, by sorting the data into 12 bins of 0.52 rad spanning the entire delta cycle. The 2 distributions were compared using the Kuiper's test (Matlab circular statistics toolbox). The mean of the contralateral distribution was then calculated (Matlab circular statistics toolbox).
Prestimulus Delta Phase and Reach RTs
The second main analysis sought to test whether prestimulus delta phase was related to reach RTs of the selected hand. To do so, the distributions of single-trial RTs across the delta cycle were characterized by sorting the RT data into the same 12 bins as in the preceding phase analysis. To assess a relationship between delta phase in each hemisphere and reach RT, an angular-linear correlation was performed between the singletrial delta phases at target onset and their corresponding single-trial RTs (Matlab circular statistics toolbox). A scalp map of the correlation coefficients at each electrode was also created to provide a broader picture of the relationship between phase and RT. As an additional test, the mean RT of the 33% of trials closest to the center of the maximal bin was compared with the mean RT of the 33% of trials closest to the center of the minimal bin, using the Wilcoxon signed-rank test (see Lakatos et al. 2008 ). This test was done both on the group data and on individual participant data. Finally, to test whether RT modulations were better predicted by the difference in delta phase across hemispheres, a linear correlation was also calculated using the single-trial interhemispheric phase difference, by subtracting the phase in the ipsilateral hemisphere from that in the contralateral hemisphere. The phase difference data were represented from 0 (in phase) to π (antiphase).
Control Analyses
Several analyses were performed to confirm that the prestimulus delta phase measurements were not significantly biased by stimulus-locked spectral perturbations occurring during the RT interval (Daitch et al. 2013) . A first analysis was done to rule out that the observed interhemispheric difference in ITC was due to a difference in signal amplitude. To do so, the delta-band amplitude at target onset (t = 0 s) was compared across hemispheres for both hand choices using the Wilcoxon signed-rank test. A simple linear regression analysis was also performed between the interhemispheric difference in ITC and the interhemispheric difference in amplitude, separately for left-and right-hand choices. Second, the interhemispheric difference in ITC was measured at t = −100 ms instead of t = 0 ms. This early phase sampling reduced the likelihood that phase estimates be influenced by EEG activity occurring during the RT interval. Third, the interhemispheric difference in ITC was measured at t = 0 ms using EEG epochs truncated at +333 ms (−2500 ms to +333 ms). This minimized the influence of slow event-related spectral perturbations associated with the reaching movements, which began on average at +395 ms. This boundary was chosen because it corresponds to the mean cycle duration of the sampled delta band (3 Hz). It was thus the smallest duration that still allowed to reliably estimate the phase of the signal at t = 0 ms without distortion associated with the boundary.
To assess the specificity of the present results to the PSE targets, the delta-band ITC at t = 0 ms was also calculated for the left and right eccentric targets, for which there was little uncertainty regarding hand choice. Because hand selection for these targets was likely dominated by spatial and biomechanical factors, delta phase was not expected to be significantly related to hand choice. An angular-linear correlation was also performed between the single-trial delta phases at target onset and their corresponding single-trial RTs for the eccentric targets.
Prestimulus Alpha-and Beta-Band Activity Previous work has shown that alpha-band amplitude in parieto-occipital regions relates to ERP amplitude (Brandt et al. 1991; Gould et al. 2011) , attentional selection (Foxe et al. 1998; Worden et al. 2000; Kelly et al. 2006; Thut et al. 2006; Rihs et al. 2007; Romei et al. 2010; Gould et al. 2011) , perceptual performance (Hanslmayr et al. 2007; Romei et al. 2008; van Dijk et al. 2008; Wyart and Tallon-Baudry 2009) , and RT (Gould et al. 2011) . Hence, a possible relationship between prestimulus (t = 0 ms) alpha-band amplitude and choice behavior was assessed at parieto-occipital scalp sites. This was done by pooling electrodes P1, P3, PO3 and P2, P4, PO4 in order to create 2 regions of interest (ROIs) in the left and right parieto-occipital regions, respectively. These electrodes are commonly reported as showing lateralized alpha-band modulations in visuospatial attention tasks (Kelly et al. 2006; Thut et al. 2006; Gould et al. 2011) . Similarly, beta-band amplitude in motor regions, thought to index motor preparation (Pfurtscheller and Lopes da Silva 1999; Doyle et al. 2005; Donner et al. 2009; van Wijk et al. 2009; Tzagarakis et al. 2010) , has been shown to predict RT and movement duration (Pogosyan et al. 2009; Gould et al. 2011; Joundi et al. 2012) . To assess a possible relationship between prestimulus beta-band amplitude and choice behavior, it was also calculated at t = 0 ms in the left and right motor regions using the same electrodes that were identified in the main delta-band ITC analysis (i.e., FC1, C1, C3-pooled-and FC2 for the left and right hemispheres respectively; see Results). The alpha-and beta-band amplitude data in each ROI were collapsed across hand choices for the PSE targets and compared between hemispheres using the Wilcoxon signed-rank test. The single-trial prestimulus alpha and beta amplitudes were also correlated with reach RT, after having z-transformed the data to eliminate baseline differences across participants.
Results
Behavioral Data
Across the entire experiment, the pooled PSE targets elicited a similar proportion of left-and right-hand responses (48 ± 11% of right-hand choices; M ± SD; P > 0.05; Fig. 1d ). This amounted to 132 ± 38 trials for the left hand and 121 ± 40 trials for the right hand, which also did not differ significantly (P > 0.05). When considering the 2 halves of the experiment separately, participants showed a significantly greater tendency to use their right hand in the second half of the experiment (51 ± 14%) as compared with the first half of the experiment (46 ± 11%) (P = 0.04). The increasing use of the right hand as a function of time may be attributable to fatigue, as participants resorted to using their dominant hand to a greater extent late in the experiment. Importantly, however, the proportion of righthand choices did not differ significantly from 50% either in the first half of the experiment (P > 0.05) or in the second half of the experiment (P > 0.5). Hence, even though the PSE may have shifted slightly over the course of the experiment, participants remained neutral in their hand choices.
In contrast to PSE targets, eccentric targets almost exclusively elicited movements of the proximal hand (>98.5%). Importantly, RTs were significantly larger for PSE targets than for eccentric targets (395.2 ± 66.4 ms and 363.4 ± 45.2 ms respectively; P < 0.01), suggesting greater competition for selection at PSE target locations (see also Oliveira et al. 2010 ). This RT difference also indirectly confirms that hand selection occurred after target onset rather than before and thus that on average, participants did not prepare to use a hand in advance of target presentation.
EEG data
To establish a relationship between prestimulus delta phase and hand choice, the consistency of delta phases at target onset was assessed using ITC and compared across hand choices. The scalp distributions of delta-band ITC at target onset for left-and righthand choices at PSE targets are presented at the top of Figure 2a . As can be seen, irrespective of hand choice, delta-band ITC at target onset was stronger in the hemisphere contralateral to the selected hand than in the ipsilateral hemisphere. To identify the electrodes that were significantly related to hand choice, the ITC maps for left-and right-hand choices were contrasted directly. This analysis yielded electrodes FC1, C1, and C3 in the left hemisphere, and electrode FC2 in the right hemisphere (P < 0.05 Bonferroni-corrected; Fig. 2a bottom) . Ten more electrodes reached statistically significant levels when using uncorrected P values, namely AF3, F3, FC3, CP1, and CP3 in the left hemisphere, and F8, FC6, FT8, C2, and P6 in the right hemisphere (inset of Fig. 2a bottom) . Using the Bonferroni-corrected electrodes (the 3 in the left hemisphere were pooled), the ITC was found to be significantly stronger over the contralateral than ipsilateral hemisphere both for left-hand choice (median values of 0.27 and 0.17 respectively; P < 0.05) and for right-hand choice (median values of 0.29 and 0.14, respectively; P < 0.001) (Fig. 2b) . Given the mirror-symmetric pattern of results, the data were collapsed across hands for further analyses.
The distributions of single-trial delta phases at target onset for PSE targets are presented for each hemisphere in Figure 3a .
In support of the ITC differences observed across motor regions of the 2 hemispheres, the contralateral distribution was significantly less uniform (i.e., more biased) than the ipsilateral distribution (Kuiper's test; P < 0.01). This effect was also significant in 13 out of 19 participants when assessed individually (P < 0.05; see Supplementary Fig. 1) . Notably, mean delta phase of the contralateral hemisphere was close to the negative peak (1.06π ± 0.86 rad), which is considered the high excitability phase of delta (Lakatos et al. 2008; Whittingstall and Logothetis 2009) .
A secondary prediction of the present work is that if delta oscillations were related to hand selection, then they should also be related to reach RT. To evaluate this, the RT data were averaged according to the phase of delta at target onset. As can be seen in Figure 3b , there was a systematic relationship between delta phase in contralateral motor regions and reach RT. Specifically, RT tended to be shorter for bins in which singletrial delta phase was most frequent, which corresponds to when delta phase was near the negative peak. This was supported by a significant correlation of 0.25 between contralateral single-trial delta phase at target onset and reach RT (P < 0.0001). On an individual basis, this correlation was significant for 13 out of the 19 participants (see Supplementary Fig. 1 ). For an additional test of the robustness of this finding, the mean RT of the 33% of trials closest to the center of the bin containing the most counts (i.e., 1.25π rad) was found to be significantly faster than for the 33% of trials closest to the center of the bin containing the least counts (i.e., 0.083π rad) (383.3 ± 63.2 ms and 401.3 ± 72.4 ms, respectively; P < 0.01). In contrast, the correlation was much more modest for the ipsilateral hemisphere (Rho = 0.07; P < 0.01). To provide a broader picture of the phase-RT relationship beyond motor cortical regions, a scalp map of the correlation coefficients is presented in Figure 3c . The data are collapsed across hand choices and depicted as if the right hand was selected, with the left hemisphere being contralateral and right hemisphere being ipsilateral. As can be seen, the correlations are largest for the central and fronto-central electrodes of the contralateral hemisphere. Consistent with the ITC scalp map (Fig. 2a bottom) , this indicates that delta phase was most strongly related to choice behavior in contralateral motor cortical regions. Finally, the interhemispheric difference in prestimulus delta phase presented a negligible correlation of 0.02 with reach RT (P > 0.1). This is consistent with the preceding ITC and RT results that pointed to a strong dependency of choice behavior upon the contralateral hemisphere but not the ipsilateral hemisphere.
Although the strong relationship between contralateral delta phase and reach RT argues for a genuine excitability account, additional control analyses were performed to rule out that phase modulations were biased by stimulus-evoked visual and/or motor activity occurring during the RT interval. First, the amplitude of delta-band oscillations at target onset was calculated in motor regions. As can be seen in Supplementary Figure 2a , the pattern of results is different from the one observed in the ITC results. Indeed, although there was a small but significant amplitude difference for right-hand choices (median values of 2.18 dB and 2.04 dB for contralateral and ipsilateral hemispheres, respectively; P < 0.05), there was no difference for left-hand choices (median values of 2.16 dB and 2.15 dB for contralateral and ipsilateral hemispheres, respectively; P > 0.05). This makes it unlikely that the observed ITC differences were uniquely driven by amplitude differences. In further support, a simple linear regression analysis was conducted between the interhemispheric difference in ITC and the interhemispheric difference in amplitude. As can be seen in Supplementary  Figure 2b , the regression coefficients were nonsignificant for both hand choices, ruling out this possibility (r 2 = 0.20 and r 2 = 0.10 for left-and right-hand choices, respectively; both P > 0.05). Second, the ITC was calculated at t = −100 ms. As can be seen in Supplementary Figure 2c , this earlier phase sampling produced a similar pattern of results as that measured at t = 0 ms. Indeed, the interhemispheric ITC difference was still significantly stronger over the contralateral than ipsilateral hemisphere both for left-hand choice (median values of 0.16 and 0.12, respectively; P < 0.05) and for right-hand choice (median values of 0.23 and 0.11, respectively; P < 0.001). Finally, the ITC at t = 0 ms was assessed using epochs truncated at +333 ms ( Supplementary Fig. 2d) . Again, this analysis revealed significant interhemispheric differences for both left-hand choice (median values of 0.23 and 0.18, respectively; P < 0.05) and right-hand choice (median values of 0.29 and 0.14, respectively; P < 0.001). Together, these data suggest that phase measurements at t = 0 ms are unlikely to be significantly biased by stimulusevoked spectral perturbations.
It should also be noted that the ITC differences cannot be attributed to unequal sample sizes (Maris et al. 2007 ), as 1) there was no statistical difference in the number of left-and right-hand choices across participants; and 2) the key ITC comparisons were done across hemispheres, hence implicitly matching the number of trials in each ITC calculation.
EEG activity was also calculated for the low-uncertainty eccentric targets, where delta phase was not expected to be related to the hand being selected. Consistent with this hypothesis, results revealed no significant difference in ITC across hemispheres either for the left eccentric targets (median values of 0.25 and 0.23 for contralateral and ipsilateral hemispheres, respectively; P > 0.05) or for the right eccentric targets (median values of 0.28 and 0.22 for contralateral and ipsilateral hemispheres, respectively; P > 0.05) (Supplementary Fig. 3 ). Importantly, these results provide further confirmation that the ITC differences observed for the PSE targets were not due to movement-related spectral perturbations associated with the separate binning of the 2 hands, since the eccentric targets also systematically incurred left-or right-hand responses. A relationship between delta phase and reach RT was also assessed for the eccentric targets. Interestingly, the angular-linear correlation for the contralateral hemisphere was relatively high (Rho = 0.21; P < 0.001), although less than for the PSE targets. As for the ipsilateral hemisphere, the correlation was moderate (Rho = 0.08; P < 0.01). Hence, although delta phase did not bias the hand being selected for the eccentric targets, it was related to reach RT for these targets to some extent, further supporting an excitability account.
Finally, a potential relationship between prestimulus alphaand beta-band amplitude and choice behavior was investigated. As can be seen in Figure 4a , the amplitude of alpha-band activity at t = 0 ms over parieto-occipital regions was not related to hand choice, as there was no significant difference between the contralateral and ipsilateral hemispheres (median values of 2.77 and 2.63 dB, respectively; P > 0.5). Single-trial alpha-band amplitude was also not significantly correlated with reach RT in both the contralateral (Rho = 0.02; P > 0.05) and ipsilateral (Rho = 0.01; P > 0.05) parieto-occipital regions. Similarly, there was no interhemispheric difference in beta-band amplitude at t = 0 ms over motor regions as a function of hand choice (median values of 2.21 and 2.26 dB for contralateral and ipsilateral hemispheres, respectively; P > 0.5; Fig. 4b ). Beta-band amplitude nonetheless presented a small yet significant positive correlation with reach RT in both the contralateral (Rho = 0.07; P < 0.0001) and ipsilateral (Rho = 0.08; P < 0.00001) motor regions. The smaller the amplitude, the faster the RT. However, this effect was bilateral and thus not hand-dependent. Hence, these data highlight the specificity of the present findings to the delta band, as neither prestimulus alpha oscillations in parieto-occipital regions nor beta oscillations in motor regions were significantly related to the hand being selected.
Discussion
An important implication of encoding potential reaching movements directly in sensorimotor maps is that the dynamics of action selection are dominated by spatial and biomechanical contingencies (Cisek and Kalaska 2010; Christopoulos et al. 2015 ). The present study tested the hypothesis that when these factors are controlled, the selection between alternative movements is related to the intrinsic excitability of the neuronal ensembles in which they are encoded, as assessed by the phase of delta-band (2-4 Hz) oscillations (Lakatos et al. 2008; Schroeder and Lakatos 2009; Whittingstall and Logothetis 2009; Wyart et al. 2012) . EEG was used in a speeded free-choice hand selection task and results revealed that the hand to be selected as well as reach RTs were systematically related to prestimulus delta phase in the contralateral hemisphere. These data show that action selection is related to the underlying brain state in a way that is independent of previously known decision variables.
To establish a link between prestimulus delta-band oscillations and hand choice, phase consistency across trials was assessed by calculating delta-band ITC at the moment of target onset, hence before selection could occur (Lakatos et al. 2007 (Lakatos et al. , 2008 Busch et al. 2009; Daitch et al. 2013) . Results revealed that delta-band ITC was stronger in the hemisphere contralateral to the reaching hand than in the ipsilateral hemisphere (Fig. 2a,b) . The dependency of hand choice upon delta phase was maximal at central and fronto-central electrodes, which overlay the motor cortical regions (Homan et al. 1987) . These findings demonstrate that the contralateral motor regions were systematically in a more consistent phase of delta at target onset than in the ipsilateral hemisphere, and thus that delta phase in these regions was indeed related to hand choice. Additional analyses confirmed that the observed phase modulations were not significantly biased by stimulus-evoked spectral perturbations (see Supplementary Fig. 2) .
Interestingly, the mean of the distribution of single-trial delta phases in contralateral motor regions (1.06π rad; Fig. 3a ) was close to the negative peak of the delta cycle (i.e., the trough), which is considered the high excitability phase of delta (Lakatos et al. 2008; Whittingstall and Logothetis 2009) . Consistent with this excitability account, a key finding of the present work is that prestimulus delta phase was not only related to the hand being selected, but was also correlated with reach RT. Indeed, the mean RT of trials for which delta phase in motor regions was close to the negative peak was significantly lower than the mean RT of trials for which delta phase was in the positive (i.e., less excitable) peak. Furthermore, there was a strong angular-linear correlation between delta phase and reach RT over contralateral motor regions (Fig. 3c) . These results are consistent with previous investigations arguing for a role of low-frequency oscillations in controlling neuronal excitability, serving as instruments of input selection by rhythmically modulating the gain of information processing (Schroeder and Lakatos 2009 ). Indeed, Whittingstall and Logothetis (2009) showed that multi-unit gamma-band activity in the monkey primary visual cortex (V1) is proportionally greater during the negative peak of delta as compared with the positive peak. Similarly, Lakatos et al. (2008) showed that the phase of delta-band oscillations regulates the response gain of V1 neurons during attentional selection, with stronger CSD and multi-unit gamma-band activity during the negative peak of delta. In line with the present findings, they also found that delta phase was systematically related to motor responses, with shorter RT to oddball visual stimuli when they were presented during the negative peak. Particularly relevant to the present work, Saleh et al. (2010) reported a similar role of delta oscillations beyond sensory regions and specifically into motor cortical regions. Specifically, they used a multi-electrode array implanted in M1 and showed that the phase of delta oscillations (0.5-1.5 Hz) entrained to the rhythm of an informative cue related to an upcoming movement direction, influencing the sensitivity of M1 to task-relevant visual cues. In light of the above evidence, delta phase may have regulated the instantaneous state of excitability of motor cortical regions, perhaps through cross-frequency coupling with local gamma-band activity, thereby influencing the strength of motor representations being generated for each hand after target onset. In the context in which all modulatory factors were controlled (i.e., PSE targets), these trial-to-trial fluctuations in the strength of the evoked motor plans may have been sufficient to bias the competition between hands and the speed at which a response was initiated. Importantly, the link between choice behavior and prestimulus delta oscillations occurred in the absence of modulations in the beta band. Indeed, beta-band amplitude in motor regions at t = 0 ms did not differ as a function of the hand being selected (Fig. 4b) . Since movement preparation is associated with lateralized beta-band suppression (Pfurtscheller and Tzagarakis et al. 2010) , this suggests that on average, participants remained "neutral" until a target was presented and were not preparing to move a particular hand in advance. The prestimulus beta-band amplitude did present a small positive correlation with reach RT, with beta suppression being related to faster RTs. While this is generally consistent with the notion of movement preparation, the pattern was similar for the contralateral and ipsilateral hemispheres and was thus not dependent upon the hand that was selected. In sum, the influence of delta phase on choice behavior may be best understood as impacting motor regions' sensitivity to form a motor plan after target onset, rather than contributing to plan a given hand movement.
The fact that a relationship between delta phase and hand choice was maximal over motor cortical regions suggests that hand selection was resolved directly within the sensorimotor system, which is in keeping with current models of action selection through competing motor affordances (Gold and Shadlen 2007; Cisek and Kalaska 2010; Christopoulos et al. 2015) . Given the~2-3 cm resolution afforded by the CSD transform , possible substrates are the dorsal premotor cortex (PMd) and primary motor cortex (M1). In both humans and monkeys, PMd and M1 contain neurons that are tuned to the direction of upcoming movements during reach planning (Cisek and Kalaska 2005; Pesaran et al. 2006; Bernier and Grafton 2010; Fabbri et al. 2010) , with directional selectivity emerging at short latency after the presentation of target visuospatial signals (Cisek and Kalaska 2005; Ledberg et al. 2007 ). During target selection, these regions have been shown to participate in the specification of competing motor plans and to interact dynamically during deliberation through the combination of sensory evidence and an urgency signal (Cisek and Kalaska 2005; Pastor-Bernier and Cisek 2011; Thura and Cisek 2014) . Since they are strongly contralateralized with respect to the effector Tanji 2006, 2007; Beurze et al. 2007 Beurze et al. , 2009 ) and exert important interhemispheric inhibition upon each other (Koch et al. 2006) , they are considered likely candidates for competition between hands (Taylor et al. 2007; Bernier et al. 2012) .
Hand choice was mainly related to delta phase in the contralateral hemisphere, with little antagonistic modulation of the ipsilateral hemisphere. Consistent with this, reach RTs were better correlated with delta phase in the contralateral hemisphere as compared with interhemispheric differences in delta phase. To our knowledge, it is still unknown how delta oscillations are regulated across the 2 hemispheres, let alone whether they are dependent upon each other in such action contexts. In support of the present findings, Kajihara et al. (2015) reported that only the motor cortex contralateral to a hand being prepared exhibited an increase in delta-alpha phase-amplitude coupling relative to a no movement condition, with no modulation ipsilateral to the prepared hand. In this light, even though prestimulus delta phase was related to choice behavior in the present study, it is unlikely to have reflected the competitive interactions per se. Indeed, competition between affordances would be expected to take place only after target onset, when motor plans can be formed. This is supported by recent work showing that selection between competing motor responses is mediated by antagonistic up-and downregulation of oscillations acting at a fast time scale (Donner et al. 2009; van Wijk et al. 2009; Gould et al. 2012; Grent-'t-Jong et al. 2014) . For instance, van Wijk et al. (2009) reported that response selection is supported by beta-band suppression for the selected hand and a concurrent increase in beta-band corticospinal coherence and phase synchronization associated with the inhibition of the competing hand. Furthermore, Donner et al. (2009) used MEG in a perceptual decision-making task and showed that motor plans for competing motor responses are expressed in frequency-specific population activity of motor cortex in the beta (12-36 Hz) and gamma (64-100 Hz) frequency ranges, which predicted participants' choices before their overt manual response. While the present paradigm emphasizing fast RTs was optimal to test the relationship between prestimulus oscillatory activity and choice behavior, it was not well suited to address the online mechanisms involved in the deliberation process between competing reach plans, since they occur too transiently for the amplitude modulations to track them. Hence, further work using longer delay periods (see Donner et al. 2009; van Wijk et al. 2009; Gould et al. 2012 ) is needed to address the oscillatory dynamics supporting the commitment to hand choice for reaching.
Visual afferents for motor control project to the frontal lobe via dorsal parietal regions (Milner and Goodale 1995; Andersen and Cui 2009) . This is supported by the finding that in a similar paradigm, single-pulse transcranial magnetic stimulation provided 100 ms after target onset over the left posterior parietal cortex (PPC) significantly biased hand choice (Oliveira et al. 2010 ). The present work found no evidence for a relationship between prestimulus delta phase and choice behavior in parieto-occipital electrodes (see scalp maps of Fig. 2a bottom and 3c). Similarly, there was no relationship between prestimulus alpha-band amplitude at these scalp sites and hand choice (Fig. 4a) . Since momentary delta phase and alpha amplitude regulate the excitability of parieto-occipital regions (Romei et al. 2008; Schroeder and Lakatos 2009 ), these data suggest that hand choice was not significantly influenced by modulations in the early processing of target visuospatial signals within the dorsal stream. This result is consistent with the fact that PPC neuronal assemblies tend to preferentially encode reach targets in retinotopic coordinates rather than handcentered coordinates (Batista et al. 1999; Sereno et al. 2001; Andersen and Cui 2009; Bernier and Grafton 2010) . Hence, given the constant spatial location of the PSE targets, any trial-to-trial fluctuation in the processing of this information would not be expected to favor a particular hand over another. This speaks to the specificity of the present findings, as only momentary excitability within the neuronal ensembles most strongly devoted to controlling the contralateral effector (i.e., motor regions; Tanji 2006, 2007; Beurze et al. 2007 Beurze et al. , 2009 ) had a significant and measurable relationship with hand choice and reach RT. That being said, given the retinotopic nature of reach target encoding in the PPC, it is possible that instantaneous delta phase in these regions modulates "target" selection for reaching. A recent electrocorticography study by Daitch et al. (2013) suggests that this may be the case, as they reported delta phase modulations in retinotopically organized regions of the dorsal parieto-frontal cortex (i.e., dorsal attention network) while participants maintained attention to a cued location and prepared a motor response to that location. They argued that delta phase might be important for selecting neuronal populations that are tuned to specific target locations.
Finally, unlike the PSE targets, delta phase did not present a significant relationship with hand choice for the low-uncertainty eccentric targets (although it did correlate with RT). This is consistent with the hypothesis that selection was dominated by spatial and biomechanical factors for these targets. In this light, it is possible that in more ecological settings, the bias that delta phase exerts on action selection is overridden by more functionally relevant variables pertaining to the current intentions of the actor, arbitrary stimulus-response rules or the subjective valuation of a target object (Dorris and Glimcher 2004; Gold and Shadlen 2007; Cisek and Kalaska 2010; Christopoulos et al. 2015) . Nevertheless, the present work demonstrates that prestimulus cortical excitability acts as a modulatory factor for action selection. These data provide support for the notion that action selection emerges from the relative strengths of the motor representations afforded by target visuospatial stimuli and that this is achieved directly within the sensorimotor system.
